We have applied our simulation code "POSINST" to evaluate the contribution to the growth rate of the electron-cloud instability in proton storage rings. Recent simulation results for the main features of the electron cloud in the storage ring of the Spallation Neutron Source (SNS) at Oak Ridge, and updated results for the Proton Storage Ring (PSR) at Los Alamos are presented in this paper. A key ingredient in our model is a detailed description of the secondary emitted-electron energy spectrum. A refined model for the secondary emission process including the so called true secondary, rediffused and backscattered electrons has recently been included in the electron-cloud code.
The electron cloud effect may limit the performance of intense proton storage rings, causing a fast instability that may be responsible for proton losses and collective beam motion above a certain current threshold, accompanied by a large number of electrons. Electroncloud dedicated studies have been initiated at the Spallation Neutron Source (SNS) under construction at the Oak Ridge National Laboratory (ORNL). It is becoming progressively clear that the electron-cloud effect plays an important role in the high-intensity instability which has been observed in the PSR at the Los Alamos National Laboratory (LANL) for more than 13 years. This instability is now believed to be due to the collective coupling between an electron cloud and the proton beam [1, 2] . Such instability is a particular manifestation of the electron-cloud effect (ECE) that has been observed or is expected at various other machines. In this article we present simulation results for the SNS and for PSR ring obtained with the ECE code that has been developed at LBNL over the past 6 years. In all results presented here, the proton beam is assumed to be a static distribution of given charge and shape moving on its nominal closed orbit, while the electrons are treated fully dynamically. Furthermore, we can infer details of the electron cloud in the vicinity of the proton beam, such as the neutralization factor, which is important for a self-consistent treatment of the coupled e-p problem [3] . Current instability threshold, growth rate and frequency spectrum are deferred to future studies. The electron production may be classified into: (1) electrons produced at the injection region stripping foil (2) electrons produced by proton losses incident the vacuum chamber at grazing angles (3) secondary electron emission process and (4) electrons produced by residual gas ionization. The two main sources of electrons consid-ered for proton storage rings at the SNS and the PSR, are lost protons hitting the vacuum chamber walls, and secondary emission from electrons hitting the walls (the electron cloud in the vicinity of the stripper foil is not modelled here). Although our code accommodates other sources of electrons, we have turned them off for the purposes of this article, as they are negligible compared to those above.
B. Secondary emission process
The SEY δ(E 0 ) and the corresponding emittedelectron energy spectrum dδ/dE (E 0 = incident electron energy, E = emitted secondary energy) are represented by a model described in detail elsewhere [4] . The parameters related to the secondary emission process were obtained from detailed fits to the measured SEY of stainless steel [5] . The main SEY parameters are the energy E max at which δ(E 0 ) is maximum, and the peak value itself, δ max = δ(E max ) (see Table I ). For the results shown below, we do take into account the elastic backscattered and rediffused components of the secondary emitted-electron energy spectrum dδ/dE.
The conventional picture of secondary emission, which we base on various reviews of the subject [6] [7] [8] , can be summarized as follows: when a steady current I 0 of electrons impinges on a surface, a certain portion I e is backscattered elastically while the rest penetrates into the material. Some of these electrons scatter from one or more atoms inside the material and are reflected back out. These are the so-called "rediffused" electrons, and we call the corresponding current I r . The rest of the electrons interact in a more complicated way with the material and yield the so-called "true secondary electrons," whose current we call I ts . The yields for each type of electron are defined by δ e = I e /I 0 , δ r = I r /I 0 , and δ ts = I ts /I 0 , so that the total SEY is δ = (I e + I r + I ts )/I 0 (1a) = δ e + δ r + δ ts (1b)
Experimental data [6, Sec. 3.7] , [7, Sec. 4.1.2.2] suggests that a sensible form for δ e (E 0 , θ 0 ) and δ r (E 0 , θ 0 ) at normal incidence (θ 0 = 0) might be given by
+(P 1,e − P 1,e (∞))e
while the energy dependence of δ ts (E 0 , 0) is well fit experimentally [6, 8] by an approximately universal [9] function that allows good fit to the experimental data Simulation results are very sensitive to the model for: (1) the energy spectrum of the secondary emittedelectrons [4, Sec. IV], (2) backscattered electron component, in particular to δ(0). The backscattered component typically becomes more important at low incident electron energies. To account for this behavior we have used a fit extrapolated from data for copper measured at CERN [10] . The value of δ(E 0 ) at incident electron energies E 0 < 10 eV is an important parameter since it determines the electron survival rate at the end of the gap. This quantity is difficult to measure experimentally, and remains an uncertainty for the model. However, an indication may be given by the decay time of the electron cloud at the end of the beam pulse which has been measured in the PSR [11] , see Fig. 2 . A long exponential tail seen with 170 ns decay time may imply a high reflectivity for low energy electrons. In Fig. 2 , we reproduce the passage of one single PSR beam assuming different values for δ(0).
C. Simulation Model
The beam-electron interaction and the twodimensional electric field used in the model are described in detail in [12] . The PSR and the SNS rings store a single proton bunch of length τ b followed by a gap of length τ g with a typical current intensity profile shown in Figs. 8 and 10, in line density units nC/m. A Gaussian transverse beam with rms sizes σ x = σ y = 10 mm, and the actually measured longitudinal intensity profile are assumed for the PSR. The transverse beam distribution for the SNS is assumed to be constant with r x = r y = 28 mm. The vacuum chamber is assumed to be a cylindrical perfectly-conducting pipe. The number of electrons generated by lost protons hitting the vacuum chamber wall is N p × Y × p loss per turn for the whole ring, where Y is the effective electron yield per lost proton, and p loss is the proton loss rate per turn for the whole ring per beam proton. The lost-proton time distribution is proportional to the instantaneous bunch intensity. The electrons are then simulated by macroparticles. The secondary electron mechanism adds to these a variable number of macroparticles, generated according to the SEY model mentioned above. The bunch is divided up into N k kicks, and the interbunch gap into N g intermediate steps.
The image and space charge forces are computed and applied at each slice in the bunch and each step in the gap. Making the approximation that the electron cloud density is longitudinally uniform, we compute the space-charge forces by means of a two-dimensional electric field. Typical parameter values are shown in Table I . By comparing the measured and simulated decay time of the electron cloud, shown in Fig. 2 , we deduce δ(0) 0.5, and assume this value for the following simulations presented here. 
III. RESULTS AND DISCUSSIONS
The possible amplification mechanism which may take place in long-beam storage rings is explained in Fig. 3 . An electron present in the vacuum chamber before the bunch passage oscillates in the beam well potential. The oscillation amplitude most likely remains smaller than the chamber radius during the beam passage and the electron is released at the end of the beam passage. On the other hand, electrons generated at the wall by proton losses near the peak of the beam pulse are accelerated and decelerated by the beam potential and hit the oppo- site wall with a net energy gain, producing secondary electrons.
Electrons which survive the gap between two bunch passages will increase in number. The electrons gradually increase in number during successive bunch passages until, owing to the space-charge forces, a balance is reached between emitted and absorbed electrons. See also an animation of the PSR electron cloud dynamic during the beam passage at [13] .
The current and energy distribution of the electrons hitting the vacuum chamber wall have been measured with dedicated probes [14] . A typical measurement, obtained with the electron detector ED02X at the PSR, is shown in Fig. 4 . It should be mentioned that surface conditioning occurred before the measurements were taken. Furthermore, in different sections of the ring, other electron detectors have measured a factor 10 higher electron wall currents. Fig. 5 shows our simulation result, for which we assume unit detector efficiency and acceptance.
By applying a negative potential on the second grid of the electron probe it is possible to select the electrons with an energy sufficient to pass the repeller voltage and thus measure their integrated energy distribution. A typical measurement of the cumulative energy spectrum is shown in Fig. 6 ; our simulation result is shown in Fig. 7 . The measured peak of the electron distribution at the wall (obtained by differentiating the cumulative spectrum with respect to energy) is at ∼ 240 eV is in rough agreement with the corresponding simulated number, ∼ 180 eV. Furthermore, also in the case of the energy spectrum measurements, detectors located in different sections of the ring have measured higher electron current signals.
The build-up of the electron cloud in a PSR field-free region and a dipole section during the passage of the beam is shown in Fig. 8 . The saturation level in the FIG. 9 : Simulated electron neutralization factor in a PSR field-free region. The fractional charge neutralization computed within the beam radius region is 2% during the bunch passage, and it exceeds 20% at the tail of the bunch.
PSR is reached after few bunch passages, when assuming δ max = 2. The estimated peak number of electrons in a field free region is ∼ 75 nC/m or 6 × 10 7 e/cm 3 . When assuming δ(0) 0.5 the simulated electron density in the PSR increases by a factor ∼ 3 relative to the δ(0) 0.1 case (refer to previous results for PSR, see [15] ). These are examples of strong parameter sensitivity that calls for further experimental investigations. The neutralization factor or fractional charge neutralization, ratio e/p, during a bunch passage is shown in Fig. 9 .
The SNS beam pipe chamber will be coated with TiN. Recent measurements of an as-received sample of the TiN coated stainless steel SNS vacuum chamber, has shown a secondary electron yield δ max = 2±0.2 [16] . Furthermore, recent secondary yield measurements of TiN coated samples show δ max = 1.9 [17] .
Due to the large electron multiplication, we have used a relatively small number of macroparticles generated per bunch passage, which leads, nevertheless, to reasonably stable results in term of the turn-by-turn electron density. The amplification factor per macroparticle may exceed 10 4 during a single bunch passage when δ max = 2. Simulation results for the SNS obtained with a different code [18] show a qualitative agreement with our results, although they yield a lower estimated electron density at this SEY value [16] .
FIG. 12: Simulated electron neutralization factor in a SNS field-free region. The fractional charge neutralization computed within the beam radius region is ∼ 1% during the bunch passage, and it exceeds 10% at the tail of the bunch.
We assume in these simulations that proton losses corresponding to 1.1×10 −6 protons loss per proton per turn are expected in the SNS ring. For δ max = 2 and 1.8, the build-up of the electron cloud during the first few bunch passages is shown in Fig. 10 and the electron density computed within the beam radius region is shown in Fig. 11 . A total line density of 100 nC/m and a line density within the beam radius region exceeding 10 nC/m are expected in a field-free region. These imply neutralization factors as shown in Fig. 12 . In particular the neutralization factor during the bunch passage is 1%, and most of the electrons are contained in the beam radius region.
A 2D particle density histogram of the x-y phase space, averaged over time, is shown in Fig. 13 . The electrons are localized most of the time in the inner region of the beam.
The electric field from the cloud leads to a neutralization tune shift which adds to the direct space-charge tune shift. If we make the approximation that the transverse electron-cloud density is uniform within the bunch, a simple estimate can be obtained. Furthermore, the kinetic energy does not exceed few keV, hence the electrons can be considered non-relativistic. Thus the force on any given proton due to the electron cloud is approximately transverse. The tune shift due to electron neutralization may be estimated, for example, for particles in the beam at 25% of the peak intensity where the neutralization factor is f = 0.13, by
where ∆Q sc = −0.2 is the space charge tune shift and γ = 2.066 is the usual relativistic factor of the beam. The possible amplification mechanism which may take place in long-beam storage rings suggest interesting considerations. Electrons generated at the wall by proton losses near the peak of the beam pulse are accelerated and decelerated by the beam potential and hit the op- posite wall with a net energy gain, producing secondary electrons. Many generations of secondary electrons may occur during a single bunch passage leading to an high electron cloud density owing to trailing-edge multipacting. In order to verify this assumption, in the simulations, we have artificially truncated the tail of the bunch, while maintaining the same integrated beam charge.
In particular, Fig. 14 shows the modified SNS beam current profile, compared to the nominal beam current profile. The effect of the modification of the beam profile on the formation of the electron cloud is shown in Fig. 15 . The density of the electron cloud decreases as the tail of the beam is progressively truncated. A reduction of the beam head profile has the opposite effect of increasing the electron cloud density. Simulation results for the PSR have shown a similar behavior.
IV. CONCLUSIONS.
We have presented electron cloud simulations for PSR and for the SNS. In the case of the PSR, we have compared our simulation results with measurements of the current and energy distribution of the electrons hitting the vacuum chamber wall. When considering proton losses of 10 −6 and δ max = 2, a line density of ≥ 100 nC/m should be expected in an SNS field-free region, with a density exceeding 10 nC/m within the beam radius region. Although the neutralization factor may exceed 10% near the tail of the beam, the resulting electron cloud tune shift is moderate. Linear stability studies and current threshold estimates are deferred to a separate publication [16] .
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